Indium tin oxide (ITO) thin films were sputter-deposited at ambient temperature on a glass-like substrate that was periodically nanostructured by UV nanoimprint lithography. Cross gratings of the corrugated and conformal ITO, with different periods and modulation depths, were tailored to exhibit light trapping or antireflection properties at specific spectral windows by combined optical simulations and experiments. For dense gratings, the light transmission in the 450-850 nm range was enhanced by 8% (absolute) compared to flat ITO films, which is one of the largest performance improvements reported in the literature for nanostructured transparent electrodes. Increasing the grating period shifts the threshold for diffraction coupling to waveguide modes in the visible and near infrared part of the spectrum, resulting in broad light trapping behaviour at wavelengths below this threshold. This work demonstrates a simple processing route at ambient temperature for the fabrication of high-performance transparent electrodes in order to fulfil different device requirements.
Introduction
The manipulation of light by nanoscale architectures is of paramount interest for improving the performance characteristics of a variety of optoelectronic devices, including light emitting diodes (LEDs), thin film solar cells, flat panel displays, and photodetectors. For example, reducing of the optical reflectance [1] [2] [3] [4] [5] and the utilization of light trapping strategies to enhance photon absorption in the photoactive layer [6] [7] [8] [9] [10] can improve the power conversion efficiency of thin film solar cells. In LEDs, light management at their surfaces is essential to extract photons trapped by total internal reflection and waveguide modes, which otherwise hinder the emission probability to the far field [11] . Similarly, the antireflection (AR) structures integrated to transparent electrodes can improve the perceived brightness and power consumption in LED screens and liquid crystal displays [12] .
To date, various AR and light trapping schemes have been developed for thin film devices. The AR schemes are mainly of two types-planar thin films based on a stack of dielectric layers and components based on subwavelength nanostructures. The AR films represent the most common approach, which (arguably) involves complex multilayers and typically provides good performance only over a narrow wavelength band, with low tolerance to deviations in incident angle [13] . The subwavelength nanostructures, also referred as to moth-eye nanostructures-MEN, have been found in nature on the corneas of night active insects and first artificially produced by Clapham and Hutley [14, 15] . The MEN typically consist of arrays of nanopillars or nanocones with subwavelength spatial periodicity for the considered part of the spectrum [16] . Contrary to suppressing reflections, efficient light trapping is possible by similar structures with periods close to the wavelength of the incident light. Such geometries provide diffractive coupling of light to dielectric waveguide modes [17] and surface plasmons [18] that are travelling along surfaces of dielectric and metallic films.
Indium tin oxide (ITO) is the most commonly used material for the preparation of transparent conductive electrodes. It offers the advantage of high transparency in the visible spectrum of light (typically 85%) and good conducting properties (resistivity in the low 10 −4 Ω cm regime) [19, 20] .
To obtain state-of-the-art optical and electrical properties, ITO films are commonly deposited at high temperature or require high temperature post deposition treatment [21] [22] [23] [24] [25] [26] [27] [28] , which is a handicap for e.g. flexible substrate devices. To this respect, it is highly attractive to improve the ITO properties for ambient temperature deposition. Numerous approaches to integrate AR or light trapping nanostructures to ITO films have been pursued. A threedimensional ITO nanohelix array, fabricated using an oblique-angle-deposition technique, was proposed as a multifunctional electrode for bulk heterojunction organic solar cells in order to simultaneously improve light absorption and charge carrier extraction from the active region [29] . Arrays of parabola-shaped subwavelength ITO nanostructures were utilized as AR in silicon-based solar cells, which were prepared by laser interference lithography (LIL) combined with dry etching and subsequent sputtering processes [30] . Embedded ITO biomimetic nanostructures were used for light trapping and as AR in hydrogenated amorphous silicon solar cells. They were prepared by using polystyrene nanosphere lithography on an index-matching silicon-nitride layer, followed by reactive ion etching [31] . In another report, the ITO electrode layer of an organic LED was textured with one and two dimensional gratings to extract light trapped in waveguide modes and thus enhance the efficiency of the device. The gratings were fabricated by using LIL and physical plasma etching, followed by a lift off process [32] . ITO nanorods grown by oblique electron-beam evaporation were demonstrated to provide increased optical transmittance for LED applications [28] . In another work, ITO nanorod film grown on a glass substrate using radio frequency magnetron sputtering was reported having sheet resistance and transmittance (at 500 nm) of 90 Ω/square and 85%, respectively [33] . In a nutshell, the reported nanostructures are complex, requiring multi-step processing and post deposition treatment. Furthermore, most of these works focus on the performance of devices, without detailed information on the optical characteristics of the ITO electrode itself [28, 31] .
Here we report on a facile route to fabricate nanostructured transparent ITO electrodes at room temperature with improved optical transmittance compared to that of flat ITO films. It is based on a combination of nanoimprint lithography (NIL) and sputtering, without any additional post deposition treatment such as dry etching and annealing steps. This approach holds potential for the cost-efficient implementation of AR or light trapping, which can be scaled up and find its application [34] , in e.g. emerging field of flexible electronics. In addition, a detailed theoretical study and measurements are presented in order to identify key design rules to tune the structure to serve for high transmission or light trapping applications.
Methods

Preparation of gratings
The periodic master structures for NIL were prepared by using UV LIL with Lloyd's mirror configuration and HeCd laser source (model IK 3031 R-C from Kimmon). First, a 400 nm thick layer of positive photoresist Microposit S1805 (Microchem, USA) was spun onto a clean BK7 glass substrate at 4500 rpm for 45 s. Then, the substrate was subjected to a soft baking step on a hot plate at 98°C for 120 s. Afterwards, the substrate was mounted to the LIL setup and exposed to the interference field of two collimated interfering beams. The intensity of each beam was of 32 μW cm −2 . The angle of the interfering beams was set to 54.34°, 32.79°, 23.97°and 18.96°which for the wavelength of λ = 325 nm corresponds to recorded periods of Λ = 200, 300, 400 and 500 nm, respectively. In order to prepare a cross grating structure, the exposure was carried out twice for two orientations of the sample rotated by 90°along the axis perpendicular to the substrate. The total exposure dose was 19 mJ cm −2 . The exposed samples were developed, and afterwards copied by UV nanoimprint lithography (UV-NIL) into 200 nm thick layer of Amonil MMS 10 from AMO Gmbh (Germany) by using the protocol reported in our previous work [18] .
ITO deposition
The obtained copies of cross grating structures were coated with 110 nm of ITO by DC magnetron sputtering (UNIVEX 450C from Leybold Systems, Germany) in pure Ar atmosphere from 4 inch diameter ITO (In 2 O 3 :SnO 2 = 90:10 wt%) target with a purity of 99.9%. The sputtering was performed at a power of 20 W and 0.2 Pa gas pressure, yielding a sputter rate of 0.086 nm s −1 . The target to substrate distance was about 10 cm. The sputtering was done with the substrate cooled at 25°C using a closed-loop water-cooling circuit.
Optical and morphological characterization
Bruker Vertex 70 Fourier transform infrared spectrometer system equipped with a visible light source was used for the direct transmittance measurements with normally incident light beam. As a reference the sample holder without sample (air) was used. The angular transmittance measurements were done by a homemade optical system that is described in our previous work in more detail [18] . Briefly, the cross grating sample was mounted on motor-controlled rotation stage (Huber GmbH, Germany) and illuminated with collimated polychromatic light. The transmitted beam was analyzed by a spectrometer HR4000 (Ocean Optics USA) and a dedicated software developed in LabVIEW (National Instruments, USA) was used for data acquisition and system control. The morphology of the prepared samples was observed with atomic force microscopy (AFM) by using an instrument from Molecular Imaging (USA). Tapping mode and standard tapping mode AFM tips PPP-NCHR-50 from NanoAndMore (USA) were used.
Simulations
The finite-difference time-domain (FDTD) method was used for the simulation of the MEN transmittance spectra and nearfield distribution of the electric field intensity. Electric field intensity was normalized with that of the incident beam |E/E 0 | 2 . The geometry was described by Cartesian coordinates with x and y axis lying in the grating plane and z axis perpendicular to the grating. The surface modulation of the MEN was implemented in the simulation by the height profile
, where A is the amplitude and corresponds to the modulation depth as MD = 4 A. A unit cell with uniform mesh 1 nm, periodic boundary conditions in x and y direction and perfectly matched layers in z direction above and below the MEN was established. The refractive index of the Amonil and glass was fixed to n = 1.49 in the considered wavelength range. The wavelength-dependent complex refractive index of ITO was determined by the analysis of transmittance and reflectance measurements and can be found in the supporting information.
Results
Simulations
The investigated geometry is schematically shown in figure 1 and it consists of a periodic cross grating that is conformally coated with an ITO film. Further, geometrical parameters of the corrugated surface are studied that would allow its use for two specific purposes. Firstly, to act as a broadband absorber by suppressing transmittance via the excitation of waveguide modes travelling along the ITO film. Secondly, to work as AR-coating for increasing the transmittance by reducing the reflectance of the incident light intensity at the ITO film interfaces. In particular, the effect of the grating period Λ, the modulation depth MD and the thickness of the ITO film d ITO to the transmittance and the near-field distribution of the electromagnetic field in the visible and near infrared part of spectrum are assessed. Figure 2 shows simulated transmittance through the structure with the period varied in the range Λ = 200-500 nm while keeping the MD = 100 nm and the d ITO = 100 nm constant. Compared to the reference flat structure, the densely corrugated film with the period Λ = 200 nm exhibits enhanced transmittance at wavelength λ = 450-900 nm. The maximum enhancement of about 10% can be seen in the green part of spectrum where it thus serves as AR structure. When increasing the period to Λ = 300 nm, the transmittance abruptly drops at two narrow bands centred at λ = 466 nm and 492 nm. These dips are associated with the resonant excitation of waveguide modes supported by the ITO film via the first diffraction orders (0, ± 1) and (±1, 0).
It is worth of noting that the 100 nm thick ITO film supports one mode in the transverse electric polarization (TE 0 , with electric field vector lying in the structure plane) and one mode in the transverse magnetic polarization (TM 0 , with magnetic intensity vector lying in the structure plane) in the studied wavelength range. For the period Λ = 400 nm, the first order resonances are shifted to longer wavelengths, to about 600 nm, and additional resonances occur at around 450 nm due to the coupling via higher orders (±1, ±1). Similarly, for an even longer period of Λ = 500 nm, the resonant features are red shifted and additional excitation via orders (0, ±2) and (±2, 0) can be seen around λ = 450 nm. In general, the transmittance is enhanced for dense gratings at wavelengths above the spectral region where the first order diffraction coupling to TE and TM modes occurs. At lower wavelengths, the transmittance is decreased by coupling to waveguide modes and non-specular diffraction beams travelling towards substrate and superstrate in the far field.
As a next step of the MEN optimization, the modulation depth MD was varied for a dense structure functioning as an AR (Λ = 200 nm, d ITO = 100 nm). As can be seen in figure 3(a) , increasing the modulation depth MD significantly improves the transmittance in the wavelength range of λ = 450-900 nm. For instance, at the wavelength of λ = 650 nm, the transmittance gradually increases from T = 80% to T = 97% when changing the modulation depth from MD = 0 to 250 nm. The dependence of transmittance enhancement on MD flattens for MD > 200 nm where it approaches saturation. In addition, the thickness of the ITO layer d ITO was varied while keeping the period at Λ = 200 nm and the modulation depth at a moderate level of MD = 100 nm as shown in figure 3(b) . With increasing thickness, oscillations are observed in the transmittance spectrum due to the light interference in the ITO layer. For the ITO thickness of 300 nm, an excitation of waveguide mode is manifested as a dip in the transmittance occurring at a wavelength of ∼420 nm.
As illustrated in figure 2 , the transmittance can be cancelled for normally incident light beam at the geometry with the period Λ = 300 nm, MD = 100 nm, and d ITO = 100 nm. This effect is due to the first order coupling to fundamental TM 0 and TE 0 modes at λ = 466 and 492 nm, respectively. The near-field distribution presented in figure 4 for the excitation of these two modes shows that the electric field intensity |E| 2 is strongly enhanced in the structures compared to that of the incident plane wave |E 0 | 2 . For a linearly polarized incident wave, the excited TE 0 mode propagates perpendicular to the direction of the E vector, while the TM 0 one in the parallel direction with respect to the E vector.
Experimental
Series of samples with periodically corrugated ITO layer were prepared and characterized. As can be seen in figure 5 , AFM and SEM were used to observe the morphology of the structures that exhibited modulation depth of MD = 100-120 nm and period Λ = 200, 300, 400, and 500 nm. The samples exhibited modulation profile that was close to a superposition of two crossed sinusoidal corrugations assumed in the simulations (see figures 2-4) . The electrical properties of ITO films were assessed by measuring sheet resistance with four point probe method. The flat ITO film with d ITO = 110 nm exhibited sheet resistance of 30 ± 3 Ω/square and the nanostructured ITO films with the same ITO layer thickness revealed a slightly increased sheet resistance of 35 ± 3 Ω/square. It is worth of noting that Amonil MMS 10 is thermally stable to 150°C, which allows its use in the processing of next generation photovoltaic and optoelectronic devices, such as those based on organic and hybrid perovskite semiconductors.
As seen in figure 6(a) , the optical transmittance of the structures with periods Λ = 200-500 nm was recorded as a function of wavelength in the spectral window λ = 400-900 nm for the normally incident beam θ = 0. For the nanostructured sample with a period of Λ = 200 nm, the transmittance at λ > 450 nm is strongly increased and the maximum enhancement of 10% occurs at λ = 568 nm. For the sample with longer period Λ = 300 nm, the transmittance is enhanced at longer wavelengths λ > 600 nm similar to the previous sample (maximum enhancement by 10% is observed at λ = 700 nm). In accordance with simulations, at shorter wavelengths around λ ∼ 500 nm the transmittance decreases by about 50% due to the first order diffraction coupling to TM 0 and TE 0 waveguide modes. The respective two resonances exhibit broader spectral width than simulations presented in figure 2, which can be ascribed to irregularities of the prepared nanostructures and to the divergence of the polychromatic optical beam used in the measurements (more details can be found in the supporting information and figures S3 and S5). When further increasing the period Λ, the spectral range below which light is trapped at the surface is red shifted (to λ < 650 nm for Λ = 400 nm and λ < 800 nm for Λ = 500 nm). On the other side, at longer wavelengths the transmittance is improved and the corrugation suppresses the reflectivity. Besides changing the period Λ, the effect of varying modulation depth MD between 0 and 120 nm was studied as shown in figure 6(b) . In accordance with simulations seen in figure 3(a) , the transmittance gradually increases with MD and the highest increase by about 10% occurs in the red part of spectrum for the period Λ = 200 nm. Let us point out the simulations predict that higher transmittance can be achieved for deeper structures, however in the herein presented work the modulation depth was limited to MD = 120 nm. The reason is the limitations imposed by the used UV-NIL process, which does not allow reliable imprinting of structures with higher aspect ratio. In addition, the use of high aspect ratio nanostructures deployed to devices may introduce non-uniform electric field strength and eventually deteriorate their electronic performance characteristics [35] .
As illustrated above, the transmittance through the high refractive index ITO layer can be increased or suppressed by its structuring. In general, the transmittance decreases owing to the reflection at the interfaces of ITO/air superstrate and Amonil/ITO. The structure-induced continuous change in the effective refractive index through the layer allows suppressing such reflections, which occurs at interfaces with abrupt refractive index changes. This effect can be seen at wavelengths λ, which are above the spectral region where light couples via diffraction to waveguide modes. Importantly, the diffraction excitation of the guided wave is angularly sensitive and depends on the azimuthal j and polar θ angles of the incident light beam [36] . This effect was investigated for the (see figures 7(c) and (d), respectively), this band shifts to longer wavelengths, similar to the normal incident beam (see figure 6 ). On these samples, the changing of polar angle θ leads to a split of the band to two branches that weakly shift with θ. In addition, there occur two branches with resonant wavelengths linearly increasing and decreasing with θ which forms a characteristic V-shaped feature. The spectral bands that weakly shift with the angle θ are due to the first diffraction order excitation of TM 0 and TE 0 modes travelling in the direction perpendicular to the plane of incidence (marked as ⊥ in the figure 7) . The V-shaped branches are associated to the diffraction coupling to these modes in the direction lying in the incidence plane and splitting to plus first and minus first orders marked as || in the figure 7. Similar trend in the diffraction coupling to waveguide modes occurs when increasing polar angle up to 60°, as illustrated by the measurements presented in figure S2 in the supporting information is available online at stacks.iop.org/NANO/28/325201/ mmedia.
In order to experimentally demonstrate the AR properties of studied nanostructures, the reflectance from ITO film with d ITO = 110 nm, period of Λ = 300 nm and modulation depth around MD = 130 nm was measured as a function of wavelength at fixed angle of incidence θ = 13°. Figure 8(a) shows that the increase in the transmittance is complemented by the decrease in the reflectance and in the red part of spectrum is lowered by 12%. Finally, let us discuss the spatial homogeneity of transmittance for the prepared samples. The dimension of each substrate was 25 × 25 mm and it contained 15 × 15 mm nanostructured area in its central part. Optical transmittance was measured at five spots (area 0.8 mm 2 ) and over larger area of 78.5 mm 2 for the same sample. As seen in figure 8(b) , small variation of around 1 nm occurs in the spectral position of the resonant coupling to waveguide modes and the transmittance changed by less than 2% at longer wavelengths. This shows that the nanostructured films produced in this work have excellent homogeneity and optical quality over the entire structured area of the substrate.
Conclusions
A transparent electrode with corrugated surface, which is prepared by sputtering of ITO to an UV-NIL imprinted glass substrate, is experimentally investigated with the support of FDTD simulations. The design of the corrugation in order to function as light trapping or antireflection nanostructure is demonstrated and elucidated in terms of diffraction coupling to dielectric waveguide modes and by suppressing the reflections at ITO interfaces. For dense periodic structure with Λ = 200 nm and aspect ratio of about 0.5, the average increase of transmittance by 8% at broad spectral window λ = 450-850 nm is measured for polar angles between 0°and 22°. When increasing the period, light trapping becomes dominant via diffraction coupling to waveguide modes. The light trapping over broad range of angles and wavelength in the visible and near infrared part of spectrum occurs for about 100 nm thick ITO films without significant change in its sheet resistance which is 35 ± 3 Ω/square. The fabrication route of investigated nanostructured ITO films can be scaled up and find applications in areas such as thin film photovoltaics and optoelectronics. 
